This work focuses on autonomous operation of rotary-wing Micro Aerial Vehicles (MAVs) in previously unexplored, GPS-denied environments. This type of operation requires the MAV to simultaneously estimate a map of its surroundings and its own position within that map. This work presents a refined algorithm for performing Simultaneous Localization and Mapping (SLAM) which does not rely on revisiting previously mapped areas. The algorithm is first benchmarked against previously published algorithms. Different scenarios, both indoors and outdoors, are then presented, showing the high amount of detail captured by the proposed method. Scenarios were mapped using three different platform types, including a conventional main-tail rotor helicopter, showing that the algorithm is platform-independent and does not require the rotorcraft's dynamic model, which can be complex. Experimental validation of the SLAM method shows an accuracy of approximately 0.1% of the traveled course length. The algorithm is capable of operating in real time on small form factor computers.
NOMENCLATURE

C W
Weighted cost for a given map D i Distance to nearest wall of cell i F i The i th point's cost contribution P Perimeter length created by all successfully matched points in the Current scan P 0 Perimeter length created by all valid Reference Scan points R min , R max Minimum/maximum considered range, respectively T E Threshold for eliminating a point's cost contribution ("matching anomaly") T M Threshold for successfully matched points W i
Weight (occupancy value) of cell i f Total cost function value n 0 total number of occupied cells n c
Total number of points that contribute to a given cost function (used for normalization) r
Range measurement x, y Position coordinates in x and y directions, respectively ∆x, ∆y
Translation distance in x and y directions, respectively ψ Platform's azimuth angle ∆ψ Change in azimuth θ a scan point's angle () L Quantity with respect to a laser scan () V Quantity with respect to a virtual scan ()′ Roto-translated coordinate system () ′′ Interpolated values in the roto-translated coordinate system i.
Adaptive direct search is used to minimize the scan matching cost function, instead of the more common gradient search schemes. This significantly reduces vulnerability to local minima problems. ii.
The scan matching cost function seeks to maximize the overlap between the matched scans, by rewarding matches based on the amount of overlap they achieve. iii. The scan matching cost function is minimized with very tight convergence requirements, which are shown to play a key role in achieving accurate maps. iv. There is no use of loop closure algorithms. This requires the current algorithm to be accurate even in cases where loop closure opportunities may not exist at all (e.g. dead ends). v.
The platform's dynamic model is not required for this algorithm. The effectiveness of the above differences was experimentally demonstrated to yield highly accurate mapping and position estimates (Refs. 12, 13).
Virtual Scan
The Virtual Scan is a scan of the virtual world, achieved by performing a "simulated laser scan" produced by a series of ray casting operations, searching for occupied cells in the occupancy grid. The virtual scan is executed from the last estimated vehicle position and azimuth, and produces a set of range values to the nearest occupied cells. It is essentially a snapshot of the virtual environment taken from the previously estimated position, and it serves as the reference scan from the map that was built thus far. The virtual scan is later matched against a new laser scan obtained from the true, current laser scanner position to obtain a corrected estimate of the current position. Figure 1 depicts an example of this process where on its left is an occupancy grid representation of a corner (virtual map) with the virtual scan origin marked with a red circle, and virtual rays are marked with red arrows. The occupancy grid is color coded with the cells' hit count values (higher valueswarmer colors). On the right is a close-up view of the same corner presenting just a single virtual ray for clarity. In the general case, the ray encounters a "thick" wall made of several clustered occupied cells created from previous scans. A ray-casting operation logs the start and end of the cell cluster along the ray and then defines the wall location as a weighted average location using all the logged cells along that ray with their respectable weight. These three markings are dubbed "Wall Start", "Wall End", and "Virtual Wall Position", respectively, in Figure 1 . The virtual scan result is, in fact, an average of all the previous laser readings taken up to that point in time. The latest laser scan is therefore matched against an average of all previous sensory data.
Scan Matching
The process of scan-matching between two environment scans results in the appropriate rototranslation values required to match one scan on top of the other. Many types of scan matching algorithms exist (Refs. 14-21). However, since each algorithm has strengths and weaknesses, and this work relies solely on scan matching for both position and map generation, the most promising cost function minimization method was found to be the use of a brute force approach.
A new scan matching algorithm is proposed, dubbed Perimeter Based Polar Scan Matching (PB-PSM), which uses the laser measurements in polar coordinates, and a cost function that maximizes the overlap between the two input scans, as described below. The scan matching algorithm in this work is implemented in two dimensions, and therefore estimates translation in both directions [x, y] , as well as rotation ψ .
Cost Function Formulation The cost function used herein is constructed by the following steps (where the subscripts 'L' and 'V ' denote a quantity with respect to a laser or virtual point, respectively):
i. Acquire the current laser scan. ii.
Outlier filter: discard laser points along edges of surface discontinuities (see the work by Friedman (Ref. 12) for details). iii. Calculate P 0 -the length of the perimeter created by all valid laser points. iv. Perform a virtual scan of the environment (by ray casting over the occupancy grid), from the previous position estimate (or the best guess for the current position). v.
Minimum/maximum range filter: if r L < R min or if r L > R max -discard point, where r L is the laser point range. vi. Roto-translate the laser scan with proposed motion. The roto-translation equation is given in (1):
The results x′ and y′ are the laser point's roto-translated cartesian coordinates. vii. Discard laser or virtual points where:
These laser or virtual points become outside the overlapped field of view after roto translation. viii. Occlusion filter: discard laser points that become occluded by other surfaces after the rototranslation. This is found by searching for angle reversal in the roto-translated laser points. ix. For each valid virtual scan angle, find valid points r′ L right , r′ L left : the corresponding laser points on the right and left respectively, and calculate true interpolated radius value
xi. Discard contributions where F i > T E , where T E is the elimination threshold (see details below). xii. Calculated P -the length of the perimeter created by all the points where F i < T M , where T M is a threshold for successfully matched points (see details below).
The cost is normalized by the number of points that contribute to the total cost. The Perimeter Matching (PM) term also helps normalize the total cost values between different matching attempts. Rewarding the cost linearly by reducing it for matching attempts with larger matched perimeters, results in favoring matchings where a larger portion of the scenario is considered. Otherwise, small surfaces may sometimes be inadvertently discarded. Other rewarding functions may be used, however the linear rewarding function used here was found to be adequate.
Threshold Settings
1.
The minimal radius was set on R min = 0.4 m considering the platform size. 2.
The maximal radius was set on R max = 29 m based on the laser sensor's maximum range of 30 m.
3.
The "matching anomaly" threshold T E , is a user defined threshold, and is typically set to be two orders of magnitude larger than the typical cell size. This point filtering is designed to eliminate the possibility of wrongfully pairing points from different surfaces, which may occur 58 Indoor/Outdoor Scan-Matching Based Mapping Technique with a Helicopter MAV in GPS-Denied Environment with a sparse occupancy grid (when some virtual rays "see" through walls). In this work, this number is set to T E = 1000 mm.
4.
Typically, the "matched point" threshold T M is of the same order of magnitude of the occupancy grid, with a certain respect to the laser range accuracy. In the current work, a value of T M = 50 mm was used and the laser had an accuracy of approximately 0.5% (for ranges over 1 m), i.e, for a typical corridor length of 10 m, the laser accuracy would still be able to provide good matches under the above set threshold. Cost Minimization To find the best scan matching solution, an adaptive direct search method was constructed, where the best rotation angle between the scans was found first, followed by the best pure translation. This process is repeated in an iterative fashion while continuously narrowing the scope of the search grid after each iteration (thus refining the search grid, in both the plane and azimuth. The number of search grid points is kept constant). The planar search grid is in the form of a circle, with evenly distributed points along both the radial and azimuthal directions. To speed up computation, a gradient based method may be employed once the direct search has gone through several iterations.
Using the algorithm described above, a good scan matching solution is found, provided that the search range is large enough and the search grid is fine enough to cover the solution area. In the current work, 50 points for the azimuthal grid were used, and the planar grid was a 7 × 7 grid, so each iteration required 100 function evaluations. It was found that for most cases, the above search grid resolution appears sufficient. A mesh refinement scheme may be employed for cases where the resulting cost function is too high, although this was not required in the current work.
Convergence is defined when the maximum change between two subsequent iterations is less than 1 mm in x -y or 0.01˚ in azimuth. On average, it was found that a total of approximately 8 iterations were required for each scan matching process. Cases of scan matching failure are identified by a final cost f ≥ 10, representing a mean contribution of the same order of magnitude of the occupancy grid. This threshold value was achieved by trial and error and was found to be appropriate across multiple experiments.
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An example of a typical scan matching result is given in Figure 2 , where circles represent current laser readings taken from the origin at [0, 0] (all points are shown in order to accurately represent the geometry captured by the laser scanner), dashed lines represent laser field of view, full points represent the virtual scan (not all values are shown for clarity), and squares represent matched roto-translated laser points (not all points are shown, for clarity). Points that were eliminated by the various point filters described above (FOV, outliers, and occlusion) are crossed with 'x'.
One key difference between the current approach and previous algorithms is that scan matching is preformed between the newly acquired laser scan and a virtual scan of the occupancy grid that was constructed thus far. Scan matching with sequential laser scans is likely to accumulate larger errors as demonstrated in the work by Bailey and Nebot (Ref. 18) . The use of the virtual scan filters out most of the errors as the virtual map contains more than one scan and so it serves as an average of all the previously acquired laser scans. Since the minimized function is quite complex, it has many local minima. Hence, traditional optimization methods may arrive at erroneous results.
Map Update
Accurate estimate for current position and azimuth allows for updating the map with the newly acquired laser scan data. Therefore, it is performed only when a well-minimized function is obtained. In the rare case of scan matching failure, one can either hold the platform's position update, or establish an estimate based on extrapolation using previous steps. In such cases, we may rely on the success of the next scan matching process to correct the unsupported estimate. Map updates account for the laser sensor's uncertainty using a planar, two dimensional Gaussian distribution for the probability of every laser measurement. The sensor model is based on experiments conducted to determine the standard deviation of the sensor measurements (which depend on the measured length) (Ref. 22) .
EXPERIMENTAL SETUP Laser Scanner
This research makes use of a 2D laser scanner made by Hokuyo (Ref. 23) , with a maximum usable range of approximately 30 m , and azimuthal field of view of 270˚ . The angular resolution is 0.25˚, which produces 1081 laser measurements per scan at a scan frequency of 40 Hz. The laser sensor's weight is approximately 220 grams , which makes it light enough to be mounted on a typical small scale rotary wing MAV.
Initially, for the accuracy evaluation experiments, the laser was mounted on a wheeled cart (approximately 50 cm by 40 cm in length and width, respectively, and 55 cm in height), which was manually driven through the scenario. Note that the laser in this case was kept in motion while taking the scans, so the algorithms are examined for application on a moving platform. Afterwards, some of the experiments were carried out with the laser carried by hand through the scenario. This type of experiments better simulate the motion of a helicopter as more pitch and roll motions are introduced, compared to the ground vehicle experiments (Ref. 24) .
MAV Platform
For the flight tests, the laser scanner was mounted at the front of an off-the-shelf single rotor Blade 450 helicopter, featuring a main rotor diameter of 720 mm, and weighing 760 grams (see Figure 3) . The helicopter does not have any additional sensors, although it would be able to support additional sensors installations (with respect to their weight). The helicopter was capable of lifting the laser scanner and some cable weight which did not exceed a total of 300 grams. This is approximately the payload limit of the helicopter which represents a gross take off weight of approximately 1 Kg. Typical battery life for outdoors experiments was approximately 3 minutes (due to cold temperatures effect on lithium polymer batteries), while indoors flight time reached approximately 10 minutes. In the experiments presented in this paper, the helicopter had an average speed of approximately 0.5 m/s with peak speed reaching approximately 1 m/s. This speed range allows the helicopter to move with minimum need for pitching forward.
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RESULTS -SLAM ACCURACY
Quantitative map accuracy evaluation is important and highly desired, although it was found to be quite scarce (Ref. 25) . Comparison between the SLAM-generated maps and the scenario map is typically carried out based on qualitative "naked eye" evaluation only, which does not provide a sufficient measure for accuracy. A new quantitative metric is proposed, providing a single number that represents a given occupancy grid map's match to a true measured map. This metric requires the true, measured map of a benchmark scenario. When a motion capture system information is unavailable (quite typical for relatively large scale environments), a quantitative comparison against a true map is highly desired.
The mapping results are presented with millimeter units for clarity of the accuracy of captured objects and for resolution consistency between different scenario scales.
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Volume 7 · Number 1 · 2015 The proposed metric is calculated by matching each occupied cell with a segment from the measured map, and calculating the distance from its center to its matched wall (see point p 1 in Figure 4 ). The distance d 1 in Figure 4 is calculated for each segment where the cell center coordinates fall between the segment's end point coordinates in either the 'x' or the 'y' axes. The smallest d 1 value becomes point p 1 's contribution to the map cost. For occupied cells that fall outside of all segments' boundaries we calculate the distance to the nearest corner (for example p 2 in Figure 4 ). The distance is weighted by the cell occupancy level (normalized to unity), and all contributions are then added to a total cost, given by (3): (3) where C W is the weighted cost, n o is the total number of occupied cells, D i and W i are the distance and occupancy weight of the i th cell, respectively. Note that we later present the value without the cell's occupancy weight for it to represent the average distance of all occupied cells from their respective associated wall. The minimizing process is done via exhaustive search in x,y, and ψ, to assure a global minimum is achieved.
Benchmark Scenario
The benchmark scenario for measuring PB-PSM's accuracy was a section of the 3 rd floor in Martin Hall at the University of Maryland, featuring a closed loop course. The scenario was hand measured in detail, with high accuracy (any feature larger than the occupancy grid's resolution of 1 cm was mapped). The environment is presented in a sequence of pictures in Figure 5 , along with its 2D layout (the hand measured map), also showing the locations from which the pictures were taken (marked by lower case letters), and five representative points (marked by large dots and capital letters). These points were used to compared overall cross measurements in a different study (Ref. 22) .
The course includes corridors of different width, with several doorsteps, rectangular trash cans, thin poles, and several access doors; some were kept closed ( Figure 5 (e)), and some were kept wide open ( Figure 5(f) ). The overall hand measured map accuracy was estimated to be approximately 2.5 cm. The hand measured map is represented by over 350 straight segments.
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International Journal of Micro Air Vehicles Mapping Results An initial evaluation of the Martin Hall scenario was performed using the wheeled cart by employing PB-PSM algorithm on a dataset of 200 laser scans collected, at a rate of 2 scans per second, over a course of approximately 45 m, forming a closed loop path (velocity of approximately 50 cm/s). The resulting map is presented in Figure 6 , showing a very crisp map. The closed loop course appears to be smooth with no occurrences of double walls or discontinuities. It is important to stress than this result is obtained using only the scan matching algorithm. No loop-closure algorithm is required to achieve this level of accuracy. The proposed metric was employed on this map, yielding a final result of C = 26 mm which represents the average grid cells distance from their associated walls. This experiment was performed multiple times, and the algorithm was investigated to assess the contributions of its individual components. The reader is referred to the work by Friedman (Ref. 22) for additional information.
Benchmarking Against Other Algorithms
The use of this metric also allows us to quantitatively compare the performance of the PB-PSM algorithm with that of other algorithms, employed on identical laser datasets. For this comparison, only laser odometry was considered (i.e, not using virtual scans), using the same dataset as in Figure 6 . Figure 7 presents six maps, employing different algorithms on the same dataset that was collected using the ground vehicle. All the maps were evaluated using the proposed map metric, and the final value is given next to each map. The PB-PSM value is shown with and without the use of the perimeter matching term to be C = 46, and C =51, respectively, showing again the advantage of using it to reward the cost function. The value of C = 46 may also be used to show the importance of using virtual scans, as the map obtained with virtual scans (shown above in Figure 6 ) achieved a significantly lower score of C = 26.
A benchmark comparison is made against the classic implementation of the Iterative Closest Point (ICP) algorithm. The ICP algorithm forms its cost function using all the distances between Current laser points and their nearest neighboring points in the previous scan. This set of distances is then minimized using least squares, in an iterative fashion. The baseline, unmodified implementation used in this study is that of Bergström (Ref. 26 ). Several options were tested, yielding similar results, of which only one representative result is presented. Note that the same point filters as described for PB-PSM were used, to maintain a fair comparison. The resulting map using the ICP implementation is presented in Figure 7 , with a map score of C = 162, which is significantly higher than the value obtained by PB-PSM.
In order to further isolate the sources of the algorithm's accuracy, the same cost function used for PB-PSM was also built using the "closest point" rule for data association (rather than PB-PSM's "matching bearing"), making it a derivative of the classic ICP algorithm. This allowed for using the perimeter matching term, and using the same algorithm for the function minimization by adaptive direct search. The resulting maps with and without employing the perimeter matching term are presented in Figure 7 , and the associated map score of C = 134 and C = 215 show the advantage of using the rewarding term in this case as well. Note that since the "closest point" data association rule has a higher complexity than O(n), the realization in this case is considerably slower than PB-PSM, and did not allow real time capability (as measured on identical hardware). Finally, the ICP data association (using "closest point"), combined with the exhaustive cost minimization, the perimeter matching term, and the use of virtual scans were combined and tested on the same benchmark scenario dataset. The mapping result is also presented in Figure 7 , where the map appears identical to the accurate map obtained by the full PB-PSM algorithm (see Figure 6 ). The map score in this case is C = 28, showing remarkable similarity to the score of C = 26 achieved by the PB-PSM algorithm. This result further proves that the accuracy achieved by the PB-PSM algorithm does not depend on the data association technique, but rather stems from the innovative features in the algorithm, identified and analyzed above. Figure 7 also provides a basic qualitative "naked eye" assessment of the resulting maps, showing that the map created by PB-PSM appears to be the best result. The use of the perimeter matching cost rewarding term in either of the two data association techniques is shown to significantly benefit the map quality. Additionally, the resulting map using the ICP algorithm appears to be relatively poor, as compared to the PB-PSM based map.
Qualitative Evaluation
The above quantitative evaluation is complemented by a qualitative evaluation on a myriad of scenarios, both indoor and outdoor. Results are presented for a helicopter as well as a hand held laser scanner (which is considered to have a similar behavior as an aerial platform (Ref. 24) ). Outdoor scenarios significantly differ from indoor office type environments, and typically contain more non-2D objects. Moreover, the laser sensor range is more limited in outdoor environments since the reflected laser energy is diminished by the outdoor lighting (for this reason some experiments were conducted at night time). All aerial platform experiments were initially explored with the hand held laser scanner (not all shown in this paper). The following briefly presents the generated maps with qualitative comparison to pictures of the actual locations where available.
Hand Held Laser Scanner
The algorithm was also tested with the laser being hand-carried through the environment by a human operator. Needless to say, the motion of a human is less structured than The second floor of the Physics Building at the University of Maryland (floor plan presented in Figure  8 ) was used for additional indoor experiments. This environment provided several options for closed loop trajectories in a typical office like environment, featuring longer corridors, as compared to the Martin Hall scenario. This environment allowed a closed loop course to be carried out with the aerial platform, since the Martin Hall scenario did not provide sufficient clearance for the Blade 450 helicopter. The generated map is shown in Figure 9 and appears crisp with many captured details similar to the martin hall scenario.
To further challenge the algorithm, this environment was repeated with a complex motion pattern that lengthens the traveled path by approximately 50% to 110 m. As seen in Figure 10 , the algorithm successfully mapped the scenario with only minor misalignments due to accumulated drift. The Northwestern High school scenario was chosen because it provides an opportunity to inspect a closed loop course, traveled between several structures outdoors. In addition to the structures, several trees and bushes were also captured by the laser scanner during the experiments of this dataset. The resulting map of the Northwestern High scenario, obtained by a closed loop course is presented in Figure 11 . The start and end positions nearly overlap each other (clockwise traveled direction), where the map appears seamless. All the walls appear to be crisp and well defined with no apparent drift. This scenario was repeated many times with different velocities and random path characteristics, all yielding essentially the same mapping results (Ref. 22 ). In addition, other attempted outdoor scenarios are available in the work by Friedman (Ref. 22) .
Helicopter-Mounted Laser Scanner
To provide comparison to the ground platform, the Blade 450 helicopter was flown through the longer hallway of the Martin Hall scenario for a total of 8 passes. As evident in Figure 12 , the resulting map does not exhibit any significant drift, despite not using any loop closure algorithm, and closely resembles the map in Figure 6 . It is important to note that the results are not an average of all 8 passes but rather contain data as it was added over the entire experiment duration. Subsequently, no post processing averaging was carried out across the different passes. These results' quality stems from the integration of the evolving map in the scan matching process. The total length of the traveled path was approximately 100 m. The scatter of the occupied cells reached 15 cells which represent an error band of 15 cm. Note that the only limiting factor was battery endurance, allowing less than 10 minute flights per charge. This scenario did not allow a closed loop course due to poles in between the doorways. A room exploration scenario is presented in Figure 13 . In this case, the helicopter is flown three times in completely random patterns, with increasing flight course length, while the surroundings are mapped. This scenario's pictures can be seen in Figure 5 (d -f ) which show the right hand side of the floor-plan schematics (except all doors were closed for this scenario). The map appears to be crisp and sharp, despite several objects that violate the 2D assumption, such as the staircase, or the box display (shown in Figure 5 (d) ). The item in the center of the room at (x, y) = (16000, 4000) is the wheeled hardware cart used for the off board laptop. Two people, pilot and technician, stand at approximately (x, y) = (15500, 2500) and (x, y) = (16500, 2500), respectively. The two people were standing still throughout the experiment, maintaining an approximately static environment. All three flights yielded identical maps within the above stated accuracy.
To test the algorithm with a helicopter and in a closed loop scenario, the helicopter was flown through a closed loop course, located in the Physics Building, mentioned above. As in the case of the wheeled cart and handheld laser scanner experiments, the advantage of a closed loop course is that a seamless overlap between the start and finish areas implies a relatively low accumulated drift. This, in turn, allows for a successful scan matching between the latest laser scan at the end of the course and a virtual scan that includes parts from the previously mapped area. Figure 14 shows the resulting map of the attempted closed loop course. The resulting map appears to be crisp, as the previous maps were, and the area where the loop is closed appears to be seamless. The course length is approximately 60 m, which is relatively long. This result is a strong testament as to the robustness and the accuracy of the proposed algorithm, on the most challenging platform of all three.
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International Journal of Micro Air Vehicles Fig. 13 . Martin Hall, UMD, room exploration scenario, varying flight duration, and traveled path. Scenario pictures can be seen in Figure 5 (d -f). which Solid purple line-Helicopter path, large red point-initial position, smaller blue point-final position, arrow-final helicopter azimuth. All maps appear to be crisp and sharp, despite objects that violate the 2D assumption (shown in Figure 5 (d) ). Pilot and technician were standing still throughout the experiment ((x, y) = (15500, 2500) and (x, y) = (16500, 2500), respectively) so as to maintain an approximately static environment. The SLAM algorithm is based on PB-PSM -a new scan matching procedure, which differs from previously published algorithms in three main aspects: using adaptive direct search for the cost minimization process, introduction of a perimeter matching term in the scan matching cost function (maximizing overlap between the matched scans), and employing relatively tight convergence requirements. The result is a highly accurate SLAM algorithm, which was tested on multiple scenarios.
A newly developed metric is presented which allows quantitative comparison of SLAM-generated maps to a true map of the experimental scenario. In particular, the proposed algorithm was favorably benchmarked against previously published ICP algorithms, showing a significant accuracy advantage, estimated to be 0.1% of the traveled distance length.
The algorithm is then employed on several scenarios, both indoors and outdoors. Maps generated by a ground platform, a hand held laser scanner, and an aerial platform are compared between similar scenarios showing an impressive similarity in the algorithm's performance across all platforms. Some scenarios feature closed loop courses to assess the seamlessness of the final mapped area overlap (without the aid of loop closure algorithms). The algorithm was capable of producing seamless loop closures across all platforms.
The extension to three dimensions remains a much desired option for future research and will mitigate some of the issues stated about the expected MAV roll and pitch angles. Additionally, techniques for reducing the computational requirements (such as the use of an improved initial guess based on accelerometer data integration) are also much sought after. 
